abstract the aim of this study was to determine the possibility of using duckweed in sustainable livestock production and aquaculture. duckweed is a small plant which grows in water and is exploited in biotechnology, dietetics, phytotherapy, and ecotoxicology. it is also used for biological wastewater treatment, and for biogas and ethanol production. this study provides the characteristics of duckweed and presents results indicating its applicability in livestock feeding. duckweed is a rich source of proteins and amino acids, and contains many macro-and micronutrients as well as vitamins and carotenoids. Unfortunately, it accumulates considerable amounts of toxic metals and compounds from the aquatic environment, which may limit its use as a feed ingredient. fresh or dried duckweed is willingly consumed by animals (poultry -laying hens, broiler chickens, ducks; cows, sheep, goats, swine, fish) and is a valuable protein source to them. It has been scientifically demonstrated that its use in moderate amounts or as a partial replacement of other protein feed materials, including soybean meal, has a beneficial effect on the productivity, fattening, and slaughter performance of livestock and poultry as well as on the quality of their meat and eggs. research addressing duckweed use as a feed ingredient should focus on developing various growth media technologies, including the use of slurry digestate, to obtain high biomass yields. another research direction should be to determine risks in the production chain (collection, processing), which limit its use in monogastric and ruminant diets. key words: duckweed, feed, protein source, farm animals, aquaculture Duckweed (Lemna L.) has for years been the subject of interest in many regions of the world. Its use in folk medicine has been scientifically substantiated. It exhibits cholagogic, carminative, expectorant, diaphoretic, diuretic, and anticarcinogenic 
properties. For more than a decade, duckweed has been successfully used in biotechnology to produce biologically active compounds of importance in dietetics, phytotherapy, and phytocosmetics (Czerpak and Piotrowska, 2005) . In turn, Chhabra et al. (2011), Vladimirova and Georgiyants (2014) , Bandurska et al. (2016) reported its usability in biopharmaceuticals production, whereas Czerpak and Piotrowska (2005) concluded that Wolffia arrhiza could and should be used in combination with other Lemnaceae species and some representatives of Chlorophyta in vegetation constructed wetlands. According to Piotrowska et al. (2009 Piotrowska et al. ( , 2010 , Wolffia arrhiza (L.) Horkel ex Wimm, a representative of the Lemnaceae family, could be used for phytoextraction of heavy metals from the aquatic environment. The scientifically proven phytoremediation properties of duckweed have caused it to be used around the world, including in Poland, for biological wastewater treatment. Duckweed is also used in ecotoxicology, and in biogas and ethanol production (Bień and Bień, 2010; Romanowska-Duda and Pszczółkowski, 2013; Verma and Suthar, 2014; Zhao et al., 2014; Cui and Cheng, 2015; Sikora and Malinowski, 2015) .
A search for alternative protein sources to replace soybean meal in animal diets has triggered a renewed interest in the use of duckweed. In the 1960s and 1970s, this fodder plant was well known and used in Poland to feed waterfowl and pigs (Lassociński, 1979) . Many researchers have recognized it as a source of protein for farm animals and aquaculture (Haustein et al., 1994; Bairagi et al., 2002; Goopy and Murray, 2003; Moyo et al., 2003; Khandaker et al., 2007; Effiong et al., 2009; Hasan and Chakrabarty, 2009; Akter et al., 2011; Mwale and Gwaze, 2013) , and in the future possibly also for humans (Appenroth et al., 2017) . Duckweed is also a very good food for swans and other Anseriformes species. According to Chojnacka (2006) , it can be used to manufacture mineral supplements for animals. A duckweed-based concentrate was used in a feeding trial with piglets (Rojas et al., 2014) . As early as in 2005, Czerpak and Piotrowska proposed using Wolffia arrhiza to produce feed rich in protein, starch, vitamins, hormones, and mineral salts.
Considering the above, this study aimed to provide the characteristics of duckweed and to determine its suitability, as supported by research, for the use in sustainable livestock production and aquaculture.
Characteristics and classification of duckweed
Duckweed (Lemna L.; family Lemnaceae) is a small, free-floating aquatic plant that forms mats on or beneath the surface of water. Cosmopolitan in range, it grows best in eutrophic (nutrient-rich) waters. Its leaves are small, often less than 5 mm in length, either single or in groups of two or three. Lemna trisulca has a branched structure and grows submerged (FAO 1999; Newman, 2013) . The Lemnaceae family comprises 38 species, of which 5 are found in Poland, i.e.: gibbous duckweed (Lemna gibba L.), lesser duckweed (Lemna minor L.), star duckweed (Lemna trisulca L.), turion duckweed (Lemna turionifera Landolt), and an invasive species -least duckweed (Lemna minuta Kunth) (Table 1) . Its first occurrence in Poland was reported in 2007 (Wójciak and Urban, 2007; Banaszek and Musiał, 2009 (Banaszek and Musiał, 2009; Newman, 2013; Ceschin et al., 2016) Taxonomic characteristics
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chemical composition of duckweed
Dry matter content of duckweed ranges from 3 to 14%. Contents of protein and other ingredients in dry matter also vary widely depending on growth media quality. The content of protein accounts for 7-45% (most often 20-45%), fat for 2-9%, fiber for 12-28%, and carbohydrates for 14-44% in dry matter (FAO, 1999; Iqbal, 1999; Olorunfemi et al., 2006; Hasan and Chakrabarty, 2009) . Duckweed is capable of absorbing many macro-and micronutrients from water, such as Ca, Cl, K, Na, Si, N, H, C, Fe, Mg, Mn, Al, Si, B, P, Cu, and Zn (FAO, 1999; Chojnacka, 2006; Showqi et al., 2017) . This plant contains amino acids, A, B and E group vitamins and carotenoids, which is its additional advantage (FAO, 1999; Chojnacka, 2006; Showqi et al., 2017) . Duckweed is effective in absorbing various components from the aquatic environment, including harmful heavy metals. According to FAO's report (1999) , the contents of such elements as Cd, N, Cr, Zn, Sr, Co, Fe, Mn, Cu, Pb, Al, and Au in duckweed do not pose threat to human or animal health, and therefore it can be used as a supplement in feed mixtures for poultry and livestock.
effect of environmental factors on biomass production
The growth rate, chemical composition and amount of biomass harvested from duckweed depend on many factors. These include nutrient concentration in water, water temperature and pH, sun exposure and day length, and wind speed.
Duckweeds grow at water temperatures ranging from 6 to 33°C, and at pH of 5 to 9. The optimum growth conditions for high biomass production are water temperatures between 20 and 28°C and pHs between 6.5 and 7.5. To prevent excessive changes in water temperature, duckweed ponds should be at least 30-50 cm deep. Because duckweed is susceptible to being moved by wind and to water currents in water basins in which it grows, wind speed in the duckweed-growing area should not exceed 0.3 m/s. To avoid wind drifts, water basins are divided into cells or compartments (2 to 5 m wide by 4 to 8 m long), which stabilizes the growth conditions (FAO, 1999; Iqbal, 1999) .
Duckweed may utilize many nitrogen compounds found in the water in which it grows. The most important of these is ammonium ion (NH 4 + ), which is the main precursor for duckweed growth. The results of studies performed at the University of New England, Armidale, Australia, indicate that N concentration exceeding 60 ml/l in an aquatic environment is toxic to duckweed, which is probably due to the high level of free ammonia in water the optimum concentration of which is 10-15 ml/l. Duckweed can concentrate around 1.5% of phosphorus (P) in dry matter. Its growth is possible with both high and low concentrations of this element. For normal growth, it also requires small amounts of potassium (FAO, 1999; Iqbal, 1999; Rooijakkers, 2016) . Duckweed can grow in different environments because it may absorb and accumulate various minerals.
Duckweed is commercially produced mainly in tropical countries, where meal is produced from it after dehydration and deoiling (Haustein et al., 1994; Bairagi et al., 2002) . It is often fed to animals in the form of a natural green biomass. Duckweed production can provide 4 to 5 times as much protein per hectare as soybean cultivation does. Another advantage of duckweed is that it is not genetically modified, contains no gluten, and requires no farmland nor chemical fertilizers (Zawadzki, 2016) .
Risks and benefits
Duckweed accumulates many heavy metals (cadmium, chromium, lead), which can threaten its normal growth as well as the health of animals and humans. Heavy metals can enter the food chain. To prevent this, their levels should be monitored during duckweed production for feedstuffs. Absorption of heavy metals depends on their chemical form and on the life form of duckweed (floating, suspended on the water surface, rooted or not) (Iqbal, 1999; Chandra and Kulshreshtha, 2004) . The use of natural water resources, household sewage, and livestock waste for duckweed production does not entail such a risk because they contain low concentrations of the above heavy metals. Studies concerning contents of various elements in duckweed, including Cd, N, Cr, Zn, Sr, Co, Fe, Mn, Cu, Pb, Al, and even Au concluded that when their contents are low, duckweed may provide a good source of trace elements for farm animals (FAO, 1999; Spiegel et al., 2013) .
duckweed in livestock production
Duckweed is a good feed supplement in diets for monogastric and ruminant animals. Its advantage over other protein sources is that it is characterized by better availability and absorption of amino acids, including lysine and methionine, as well as of vitamins. It is rich in leucine, threonine, valine, isoleucine, and phenylalanine (Goopy and Murray, 2003) . Many studies have confirmed the appropriateness of feeding duckweed to farm animals: poultry -ducks, laying hens, and broiler chickens (Haustein et al., 1992; Samnang, 1999; Ahammad et al., 2003; Khang, 2003; Khandaker et al., 2007; Akter et al., 2011; Mwale and Gwaze, 2013) ; pigs (Rodríguez and Preston, 1996; Du et al., 1997; Men et al., 1997; Van et al., 1997; Nguyen, 1998; Gutierrez et al., 2001; Ly et al., 2002; Du et al., 2009; Mohedano et al., 2012; Gwaze and Mwale, 2015) ; ruminants -cattle, sheep, and goats (Rusoff et al., 1978 (Rusoff et al., , 1980 Sansoucy, 1995; Huque et al., 1996) ; as well as fish and shrimps in aquaculture (Hassan and Edwards, 1992; Yilmaz et al., 1994; Leng et al., 1995; Effiong et al., 2009) . Haustein et al. (1992) used dried duckweed in Titan broiler diets. The birds were fattened for 6 weeks in two stages divided into 4 weeks (stage 1) and 2 weeks (stage 2). At stage 1, control birds were fed a diet without duckweed (0 g/kg), whereas experimental birds received diets containing 100, 150, 200, 250 or 300 g/kg duckweed. At the end of stage 1, each group was divided into two sub-groups. At stage 2, broilers were fed either a control diet (no duckweed) or experimental diets with the same proportion of duckweed as in stage 1 of the experiment. The birds fed diets with duckweed levels over 150 g/kg showed poorer production results, namely decreased feed intake and body weight gain. In turn, the broilers fed the control diet reached much higher body weight gains and feed intake as well as a better feed conversion ratio compared to the birds fed the duckweed-containing diets. At the final stage of fattening (last 2 weeks), the broilers fed the control diet (no duckweed) demonstrated normal or compensatory growth. Haustein et al. (1994) administered maize diets supplemented with 10, 15 or 25% dried duckweed to Titan and Arbor Acres broilers. Body weight gains of the broilers fed a 15% duckweed diet were comparable to those of the control broilers (0% duckweed). A 25% duckweed supplement deteriorated body weight gains and reduced feed intake. The same authors investigated also if duckweed can be used as an additional protein source for broilers at commercial farms. Using a standard diet (control -0% duckweed) and an experimental diet (5% duckweed), they achieved a positive final outcome indicated by higher body weights reached by the experimental birds at the end of fattening compared to the control birds.
Poultry -broiler chickens
In an experiment with commercial Vencobb broiler chickens (Ahammad et al., 2003) , sesame oil cake was replaced in experimental diets with 0, 3, 6 or 9% dried duckweed. The diets were isonitrogenous and isoenergetic. Fattening was completed after 6 weeks. The addition of 3 or 6% duckweed to the diets improved final body weight, feed conversion and profitability compared to 0% and 9% of duckweed. Poorer results were achieved upon sesame oil cake replacement by 9% duckweed in diet.
Different results were reported by Kabir et al. (2005) who administered diets containing 0, 4, 8 or 12% of dried duckweed meal to Vencobb broilers until 42 days of age. The control birds (0% duckweed meal) achieved the best production performance, whereas increasing duckweed meal contribution in the diet elicited negative effects in experimental broilers, including slower body growth (1.39 kg vs 1.02-1.28 kg), lower feed intake (2.50 kg/broiler vs 2.31-2.46 kg/broiler), lower feed conversion ratio (1.69 kg vs 2.11-2.51 kg), as well as lower consumption of protein and energy. From these findings, the authors have concluded that the inclusion of duckweed meal in the broiler diet is not recommended, but further study is needed to provide the final recommendation for using duckweed meal at a low level as an unconventional feed ingredient for broilers.
Poultry -laying hens
In a 16-week experiment, Akter et al. (2011) fed Star Cross Brown laying hens diets in which the proportions of rice polish and fish meal were decreased with increasing proportions of dried duckweed: 0 g/kg (control diet) and 50, 70, 110, 130, and 150 g/kg of the diet (experimental diets). No differences were observed between the groups in such traits as body weight, egg weight, and livability. With the increasing proportion of duckweed in the diet (from 0 to 150 g/kg), feed intake (759 g vs 713 g), egg production (42.9 mass/g/egg/day vs 33.5 mass/g/egg/day) and feed conversion ratio (2.54 kg vs 3.04 kg) decreased. The external and internal quality characteristics of eggs did not differ among groups. Yolk colour score increased with an increased level of duckweed meal in the diet, reaching the highest value (4.5) for eggs from layers receiving the diet with 150 g/kg duckweed. Duckweed was found to be a good source of protein for laying hens without any harmful effects on production performance up to 130 g/kg level and on egg quality characteristics up to 150 g/kg level. Anderson et al. (2011) replaced soybean meal with 12.5% duckweed to determine its effects on production results and egg quality of Hy-Line laying hens. Birds in the control group (C) were fed a feed mixture containing maize, fat, soybean meal, wheat bran, and a mineral-vitamin mix. In the experimental group (E), the only change was soybean meal replacement in the feed mixture with 12.5% of duckweed. The use of duckweed (group E) did not change egg production (group E -60 eggs per hen) level compared to the C group (59 eggs per hen). No differences were observed in nutrient composition of eggs except for a higher level of omega-3 acids in eggs from E (0.15%) compared to C (0.09%) group of hens (Anderson et al., 2011) .
Witkowska et al. (2012) replaced inorganic salt (control group) with dried duckweed enriched with trace elements in diets for Lohmann Brown layers. If duckweed was fed to the birds, egg quality parameters increased, including shell thickness, total concentration of trace elements in eggs, Co content in egg yolk and shell, Cr content in yolk, and Cu and Zn contents in albumen and yolk (control group), but in the experimental groups, Cd content in yolk and albumen as well as Pb content in blood samples were lower than in the control group. The use of dried duckweed in layer diets proved beneficial. The authors suggested that duckweed used as a new biological supplement could be a good and cheaper alternative to inorganic dietary additives. Feed conversion ratio was poorer in birds fed E1 and E3 diets (respectively 9.1 g DM/g body weight gain and 4.3 g DM/g body weight gain) compared to these administered E2 diet (3.8 g DM/g body weight gain). The use of duckweed in duck diets was considered advisable. Khanum et al. (2005) investigated the effect of fresh duckweed fed to Xinding ducks on their growth performance and carcass characteristics. The control group (C) received a commercial compound feed. Ducks from the experimental group 1 (E1) were fed 50% of the control diet plus freshly collected duckweed on an ad libitum basis. Ducks from the experimental group 2 (E2) received 50% of the control diet and were allowed to forage duckweed in a lagoon. Ducks from the experimental group 3 (E3) were restricted to foraging fresh duckweed in the lagoon only. All the birds from group E3 died within the first 3 weeks of foraging. It was concluded that duckweed does not meet the nutrient requirement for maintenance and cannot be provided as the only feed in duck diets. At the end of the trial, the final body weight (E2 -1256 g and E3 -1189 g) and the daily body gain (E2 -6.53 g/day and E3 -6.28 g/day) of the birds were considerably lower in the experimental groups compared to the control group (E1 -1345 g and 9.09 g/day). Duckweed inclusion to the diet for ducks caused a decrease in the analyzed parameters of birds growth, but had no negative impact on the slaughter value of their carcasses. Khandaker et al. (2007) conducted an experiment in which they replaced mustard oil cake in Jinding duck diets with dried duckweed (control group -0%, experimental groups 5, 10 or 15% dried duckweed). Duckweed had no significant influence on body weight gains, egg weight, and feed conversion ratio. Its increased contribution in the diet for ducks caused significant deterioration of egg production indices (total number of produced eggs and egg mass production), but reduced feeding costs, which improved production economics.
Poultry -ducks

Pigs
In piglet diets, soybean meal was replaced with 0%, 20, 40 or 60% of dried duckweed (Moss, 1999) . The supplemented animals exhibited high body weight gains and feed intake. Growing piglets were not averse to consuming duckweed diets. Daily body weight gains of the piglets receiving the 40 and 60% duckweed diets were greater than those of the control animals receiving soybean meal as the only source of protein. The body weight gains of control pigs and experimental pigs receiving 20% duckweed were similar. Under long-term feeding, the highest body weight was achieved by the animals receiving the highest duckweed supplement.
In an experiment conducted by Du (1998), growing pigs (Large White × Mong Cai) from the control group (C) were fed sweet potato vines. The experimental animals (E) received duckweed (Lemna minor) instead of potato tops. The consumption of fresh duckweed (around 1.5 kg/day/animal) had a favorable effect on the body weight gains of pigs. Compared to the animals from group C, those from group E had 27.8% higher body weight and 26.8% better liveweight gain, and were characterized by 18.7% better feed conversion ratio. Dressing percentage in group C was only slightly better (by 0.4 percentage points) than in group E. Carcass length and loin eye area were greater in group E than in group C. Carcass analysis showed greater amounts of meat and skin, and smaller amounts of fat and bones in the carcasses of E pigs compared to C pigs. Van et al. (1997) used duckweed as a replacement for rice by-products (broken rice, rice bran) and other protein products (fish meal, soybean meal) in the diets of (Yorkshire × Landrace) × Baxuyen pigs with an initial body weight of 25.8 kg. The control pigs (group C) were fed a concentrate containing broken rice -60%, rice bran -33%, soybean meal -2%, and fish meal -5%. In the experimental group (E), animals were fed a diet composed of ensiled cassava root -69%, duckweed -8.6%, and supplements -22.4%. The use of the diet without rice by-products reduced the final body weight of the animals but feed conversion ratio in the groups was similar. The carcasses of E compared to C pigs were characterized by thinner backfat (by 8.6 mm). The inclusion of 25% duckweed protein into the diets had no negative effect on the production results. Gutierrez et al. (2001) fed pigs with dried duckweed. At the first stage of fattening, the pig rations were supplemented with 10% dried duckweed in place of sorghum and soybean meal (group E). Pigs from group C received sorghum, soybean meal, and a mineral-vitamin premix. There were no significant differences between treatments in live weight gain (group C -730 g, group E -770 g). Feed conversion ratio in groups C and E was similar and reached 2.93 and 2.96 kg/kg body weight, respectively. Final body weight of the fattened pigs was 66.4 kg in group C and 69.8 kg in group E. It was concluded that 10% dried duckweed inclusion in a pig ration was beneficial in terms of production results.
Duckweed protein concentrate was produced and analyzed for its nutritive value to determine its potential use as a protein source for young pigs (Rojas et al., 2014) . Duckweed protein concentrate, soybean meal, and fish meal were used in the experiment to determine metabolizable energy concentration, standardized total tract digestibility of phosphorus, and standardized ileal digestibility of amino acids. The content of metabolizable energy was higher in soybean meal than in duckweed concentrate and in fish meal. Standardized total tract digestibility of phosphorus was higher for duckweed protein concentrate than for soybean meal. Standardized ileal digestibility of amino acids was not different among ingredients. It was concluded that the analyzed feed ingredients did not differ in terms of nutrient values, which indicates that duckweed protein concentrate may be included in diets for young pigs. Huque et al. (1996) studied the use of duckweed as a feed for cattle and determined its chemical composition as well as rate and extent of its digestion in the rumen. They concluded that various types of duckweed (Spirodela, Lemna and Wolffia) differ in the proximate composition. The evaluation of rate and extent of duckweed digestion showed that dry matter and crude protein are highly degradable in the rumen, therefore, further research is needed to assess the level of duckweed supplementation as cattle feed. Damry et al. (2001) fed Merino ewes duckweed to determine its effect on the amount and characteristics of the wool. Sheep were fed oaten chaff in diet C (700 g/animal/day), 630 g oaten chaff and 50 g dried duckweed/animal/day in diet E1, 540 g oaten chaff and 100 g/animal/day dried duckweed in diet E2, and 630 g oaten chaff and 1 kg fresh duckweed in diet E3. Sheep willingly ingested both fresh and dried duckweed, and the analyzed hair coat parameters (wool yield, rate of wool elongation, fiber diameter) did not differ among the groups. In the next trial, oaten chaff-based diets were enriched with urea (control group -C), cottonseed meal (experimental group 1 -E1), and dried duckweed meal (experimental group 2 -E2). In group C, the rate of fiber elongation was slower and wool yield lower than in groups E1 and E2. Fiber diameter was comparable among groups. It has been concluded that duckweed is a valuable source of protein for the ruminants.
Ruminants
An experiment with West African dwarf goats (Babayemi et al., 2006) aimed at determining if aquatic plants, such as aquatic fern and duckweed, can be potential sources of protein for the ruminants. In the preference test, goats were more eager to consume both fresh and dried duckweed than aquatic fern. Based on the results of the preference test, the authors conducted a balance trial in the next stage of the research, and concluded that fresh duckweed supplementation considerably increased nitrogen retention compared to the control diets based on guinea grass alone.
In a study by Reid (2004) , Boer goats served as a model for the ruminants. They were fed dried duckweed as a replacement for soybean meal. There were four treatments and the diet for all groups was based on wheat hay, ground maize, and soybean hulls. Group C0 received no soybean meal, which was fed to animals from group C. Animals from group E1 had access to the feed in which 1/3 of soybean meal was replaced with duckweed. In the experimental group E2, duckweed replaced 2/3 of the soybean meal. No differences were observed among the groups in nitrogen intake and nitrogen excretion, serum urea nitrogen level, and phosphorus intake and phosphorus excretion. Reid (2004) has concluded that duckweed is nutritionally comparable to soybean meal. It had no adverse effects on rumen pH, amount of ammonium ions, and volatile fatty acids. El-Shafai et al. (2004) investigated the effect of duckweed as a feed ingredient on Nile tilapia growth. The control diet contained fish meal, maize, wheat, wheat bran, fish oil, diamol, and premix. Part of the control diet ingredients was replaced in the experimental diet (experimental groups 1 and 2) with dry duckweed at 20 or 40% dry matter. In experimental groups 3 and 4, 20 and 40% of fresh duckweed was used. Fish diets in these groups were based on the control diet ingredients. No differences were observed in growth rate between groups C and E3, and in other groups weight gains decreased. In all the groups, feed conversion ratio and protein efficiency ratio (PER) were comparable. Analysis of body composition indicated that tilapia fed dry or fresh duckweed had greater phosphorus and protein content and significantly lower lipid content. Tilapia fed the control diet had a higher dry matter content and lower ash content compared to fish from the experimental groups. Tavares et al. (2008) conducted an experiment in which they analyzed performance of tilapia fed dried duckweed. Three diets were used: 1 -commercial feed (control group -C), 2 -50% commercial feed + 50% dried duckweed (experimental group -E1), and 3 -dried duckweed (group E2). The final body weight of tilapia and the growth rate were comparable for groups C and E1. The lowest weight gain and the slowest growth rate were observed in group E2. Adding 50% dried duckweed to the ration had no negative effect on tilapia growth. Effiong et al. (2009) determined the possibility of partial replacement of fish meal with dried duckweed in the diet of Heterobranchus longifilis. The proportion of dried duckweed in the groups was: 0% (group C), 10% (E1), 20% (E2) and 30% (E3). Feed conversion ratio, growth rate and survival rate were determined. Increased duckweed inclusion in diets resulted in a reduced growth rate and body weight, and had a negative effect on feed conversion ratio. No differences were observed in growth parameters between groups C and E1. Survival rate differed among the groups at 87%, 80%, 67% and 73%, respectively. Flores-Miranda et al. (2014) replaced fish meal with 0%, 3%, 5%, 10% or 15% of fermented duckweed in a diet for Pacific white shrimp (Litopenaeus vannamei), and concluded that duckweed may represent a potential source of protein to shrimps, however it needs to be explicitly confirmed in future research.
Aquaculture -fish
Aquaculture -shrimp
Consecutive investigations conducted by Flores-Miranda et al. (2015) demonstrated that fish meal replacement with 0%, 5%, 15%, 25% or 35% fermented duck-weed flour had no effect on shrimp survivability in all groups examined, and that the best growth efficiency was achieved in the group fed a diet with 35% inclusion of fermented duckweed flour.
future research
Duckweed research should focus on analyzing the risks involved in the production, acquisition and processing of this protein source for animals. Due to its association with the aquatic environment, duckweed is vulnerable to accumulation of heavy metals, phenols, pesticides, dioxins, and pathogens. The Novel Food Catalogue, published by the European Commission, lists only one representative of duckweed, namely Lemna minor. Assessment of the safety of this species as a food or food ingredient for humans is now being carried out. According to Spiegel et al. (2013) , the use of duckweed in feeds requires no authorization. Duckweed will probably be grouped as "fish, fish products, shell fish, molluscs and other marine and freshwater food products". Because there are currently no data on the maximum residue levels of plant protection products in duckweed, it would be appropriate to conduct relevant research. Experiments should be performed to provide the complete characteristics of secondary metabolites present in duckweed. The only toxic compound to animals, found and described in duckweed, is oxalic acid (Adeduntan, 2005) . There is also less phytate in duckweed than in soybean meal (Rojas et al., 2014) .
importance of duckweed for agricultural practice
The development of biogas plants in Poland may contribute to the launching of large-scale duckweed production in our country. Agricultural biogas plants, which use cattle and/or pig slurry as the main feedstock, as well as supplemental maize silage, will produce large amounts of anaerobic digestate, which is a soil fertilizer (Bień and Bień, 2010) . In addition, concentrated anaerobic digestate can be used to produce duckweed for feed purposes. Development of a proper duckweed production technology in greenhouses can largely contribute to increasing the amount of this protein source in the fresh form, and after processing also in the dried form. Very good accumulation of nutrients from growth media by duckweed may also help increase the amount of anaerobic digestate spread on grasslands and fields without endangering the environment. conclusions It is concluded from the results of the studies cited above that fresh and/or dried duckweed is a potential source of plant protein for farm animals and aquaculture. Its use is limited by difficulties in harvesting fresh duckweed in some climatic zones as well as the high cost of producing processed feed. Current and future research addressing duckweed should focus on determining risks in its production, collection, and processing. in laying hen diets and its effect on egg production and composition. Int. J. Poultry Sci., 10: 4-7. A p p e n r o t h K.J., S r e e K.S., B ö h m V., H a m m a n n S., Ve t t e r W., L e i t e r e r M., J a hr e i s G. 
